Mathematical analysis of aperiodic events /geomagnetic activity/  Final technical report by Crooker, N. U. & Moe, K.
MATHEMATICAL ANALYSIS 
OF APERIODIC EVENTS 
(GEOMAGNETlC ACTIVITY] 
Seknces kpwme;nt 
nautics Company - W ; e s t m  a 
%atla Mudoniez~ Cads 
. . . . . . . .  :, 
. - 
, 'I- 
https://ntrs.nasa.gov/search.jsp?R=19700010584 2020-03-12T00:57:16+00:00Z

TABLE OF CONTENTS 
L I S T  O F  FIGURES iii 
L I S T  O F  TABLES 
Sec t ion  1 INTRODUCTION 
Sec t ion  2 THE MEANING AND U S E S  OF Kp AND Ap 
Sect ion  3 SIIORT TERM P R E D I C T I O I J S  O F  CiCp 
I 3.1 Data 
3.2 Reduction of Data 
3.3 3 i scuss ion  of Resul t s  
I 
3. 11 Suggestions f o r  Future Research 
3.4.1 Fur the r  S tud ie s  Involving Precursors  
3.4.2 A Space Probe f o r  Use i n  P red ic t ing  i(p 
Seceion 4 LONG TERM PREPJ ICTIOf iS  OF THZ AXNUAL AVEEAGS OF Ap 
S e  ct 2 on 5 CON CLUS 1 ONS 
ErTRETi CZS 
L I S T  OF FIGURES 
Derivative of Corpuscular Heating from S a t e l l i t e  Drag a t  Low 4 
Lati tudes 
Largest Component of Daily Range vs Geomagnetic Lat i tude  
( 1932-33) 
Largest Component of Storm Range vs Geomagnetic Lat i tude  6 
(1957-62) 
Normalized Ranges at Various Locations vs Ap and Kp 6 
Derivat ive of Corpuscular Power Input from Storm Ranges a t  6 
High Lat i tudes  
Pioneer V I I  Space Probe Following Ear th  i n  Orbit  About t h e  11 
Sun 
Comparison of So la r  Wind Speed with Kp ( ~ f t e r  Snyder e t  a l . )  12 
Relat ive Contribution t o  CKp vs So la r  Longitude of F la re  15 
Relat ive Contribution t o  CKp vs Days Before Predic t ion  Date of 16 
Precursor Events 
Contribution t o  Predic ted  CKp vs Relat ive Units of Amplitude of 17 
Precursor 
Comparison of Predic ted  and Actual CKp 21, 22, 23 
- 
Predic ted  Annual Averwe Zurich Rela t ive  Sunspot Number, Rz 32 
i i i  
13 The Variation of the  Geomagnetic Index Ap and of the  Coronal 3 3 
Line I n t e n s i t y  at 5303A Averaged Over k 30' From t h e  Direct ion 
t o  the  Earth ( ~ f t e r  ~nevyshev)  
14 Variation of t h e  Sunspot Area i n  Lati tude I n t e r v a l s  of 5' Wide 33 
During the  11-Year Cycle (Af ter  ~nevyshev)  
Comparison of $ and From 1932 t o  1968 
16 Average Dependence of and E= on Time From Sunspot Maximum 34 
- 
17 Predicted Annual Average Geomagnetic Planetarjr Amplitude , Ap 35 
LIST OF TABLES 
1 Rela t ionships  Among Measures of Geomagnetic Disturbance 3 
2 Factors  Used t o  Convert Various p recu r so r  Units  t o  LKp 18 
Units  
3 Sample P red ic t ion  Calcula t ion  
4 Standard Deviat ions of Plasma Speed Measurements 
5 Standard Deviat ions of P red ic t ions  of CKp 
- 
6 P red ic t ed  Annual Averages of Sunspot Number, RZ, and 
Geomagnetic P lane tary  Amplitude, Ap 
Section 1 
INTRODUCTION 
During geomagnetic s torms,  the  a i r  drag on a r t i f i c i a l .  s a t e l l i t e s  inc reases ,  
and r a d i o  and radar  t ransmissions a t  high l a t i t u d e s  a r e  impaired. There have 
been many at tempts t o  develop r e l i a b l e  techniques of p red ic t ing  magnetic storms 
i n  order  t o  improve s a t e l l i t e  o r b i t a l  predic t ions  and a r c t i c  r a d i o  propagation; 
but none of these  attempts has been completely success fu l ,  f o r  s e v e r a l  reasons: 
1. None of t h e  precursors i s  wholly r e l i a b l e ,  
2. Some of the  precursors are  monitored f o r  only a f r a c t i o n  of the  
da;y * 
3. Unt i l  t h e  launching of Pioneer V I I ,  t he re  w a s  no p r a c t i c a l  way of 
monitoring t h e  long-lived tongues of enhanced plasma which apparently 
cause t h e  recurr ing  type of geomagnetic storm. 
The study described i n  the  present  r epor t  u t i l i z e d  Pioneer V I I  d a t a  and severa l  
o the r  precursors i n  an attempt t o  overcome the  l imi ta t ions  enumerated above. 
The repor t  begins with a sec t ion  on the  meaning and uses of Kp and Ap. The kinds 
of d a t a  considered f o r  use i n  short-term predic t ions  of Kp a r e  then described and 
evaluated.  The p red ic t ion  equations are next explained,  and a d e t a i l e d  numerical 
example i s  given. A graphica l  presenta t ion  of t h e  predic t ions  follows. The 
e r r o r s  i n  these  simulated predic t ions  are discussed and mathematically analyzed. 
Suggestions a r e  made f o r  f u t u r e  research on short-term predic t ions .  Long-term 
pred ic t ions  of t h e  annual average of a r e  then presented,  and t h e i r  e r r o r s  a re  
est imated.  The main r e s u l t s  of t h i s  study a r e  summarized a t  t h e  end of t h e  
r epor t .  
Sect ion  2 
THE MEANING AND USES OF Kp AND Ap 
The geomagnetic index Kp and t h e  geomagnetic p l ane t a ry  amplitude Ap a r e  
measures of t h e  l e v e l  of geomagnetic d i s turbance ,  S p e c i f i c a l l y ,  Ap i s  a d a i l y  
average of t h e  e i g h t  three-hourby ranges sf dis turbance  at s t a t i o n s  j u s t  
equatorward of t h e  a u r o r a l  zone, while  Kp i s  a quasi- logari thmic func t ion  of  
t h e  ranges of d i s turbance  (Reference 1 ) .  Although Ap i s  c a l l e d  a p l ane t a ry  
index,  i t  is  not  p ropor t iona l  t o  t h e  range of  d i s turbance  at any l a t i t u d e  
except  nea r  57*, where it is measured. A t  most o t h e r  l a t i t u d e s ,  t he  range i s  
nea r ly  p ropor t iona l  t o  Kp at low l e v e l s  of  d i s tu rbance ,  and nea r ly  p ropor t iona l  
t o  Ap a t  high l e v e l s  of d i s turbance  (Reference 2 ) .  The r e l a t i o n s h i p s  among 
Kp, Ap, t h e  sum of  t h e  e i g h t  three-hourly va lues  of  K ( C K  ) , and the range a t  the P p 
peak of  t h e  a u r o r a l  zone a r e  given i n  Table 1. 
Kp and Ap a r e  important because they provide q u a n t i t a t i v e  measures of geomag- 
n e t i c  d i s turbance .  During magnetic s torms ,  r a d i o  and r ada r  propagation a r e  
d i s tu rbed ,  p a r t i c u l a r l y  at high l a t i t u d e s .  The air  drag  on a r t i f i c i a l  s a t e l l i t e s  
a l s o  i n c r e a s e s ,  causing e r r o r s  i n  t h e  p red ic t ed  ephemerides. If Kp and Ap could  
be accu ra t e ly  p r e d i c t e d ,  r a d i o  propagation and o r b i t a l  p r e d i c t i o n  could be i m -  
proved. This  i s  t h e  motivat ion of t h e  p re sen t  s tudy.  
Because of t h e  importance t o  t h e  Marshall Space F l i g h t  Center of t h e  r e l a t i o n s h i p  
between geomagnetic storms and atmospheric d e n s i t y ,  t h e  fol lowing information on 
t h e  "corpuscular  h e a t i n g  e f f e c t "  is reproduced from Reference 3: 
During geomagnetic d i s tu rbances ,  t h e  atmospheric dens i ty  a t  s a t e l l i t e  a l t i -  
tudes  inc reases .  This i nc rease  i s  usua l ly  represented  as an equ iva l en t  
i nc rease  i n  t h e  exospheric  temperature of an atmospheric model. The  pheno- 
menon is t h e r e f o r e  c a l l e d  " the  Corpuscular Heating ~ f f e c t , "  even though t h e  
phys i ca l  processes  involved and t h e  ex i s t ence  of a temperature i nc rease  a t  
low l a t i t u d e s  have not  been e s t a b l i s h e d  by d i r e c t  measurements. The 
corpuscular  h e a t i n g  e f f e c t  i s  a h ighly  nonl inear  func t ion  of t h e  geomagnetic 
pl.anetary ampli tude,  Ap, as is  shown by t h e  t h r e e  curves i n  f i g .  1, which 
TABLE 1 
RELATIONSHIPS AMONG MEASURES OF GEOMAGNETIC DISTURBANCE 
AP 
( 2  gammas) 
Daily Range 
At Peak of 
1 K~ Aurora1 Zone 
- (Relative Units) 

give  t h e  increment i n  exospheric  temperature corresponding t o  e u n i t  i n -  
c rease  i n  Ap. These curves a r e  based on s a t e l l i t e  drag measurements a t  
low and middle l a t i t u d e s  (Reference 4 ) .  The corpuscular  hea t ing  e f f e c t  is 
much Larger at high l a t i t u d e s  ( ~ e f e r e n c e  5 ) ,  where t h e  dependence on Ap 
has  been repor ted  t o  be somewhat d i f f e r e n t  than  a t  lower l a t i t u d e s ,  but 
s t i l l .  h ighly nonl inear  ( ~ e f e r e n c e s  6 ,  7 ) .  These nonl inear  r e l a t i o n s h i p s  
were unexpected, and r e q u i r e  at1 explana t ion .  
The i n v e s t i g a t i o n  of t h e  nonl inear  r e l a t i o n s h i p s  was begun by examining 
t h e  geomagnetic d i s turbance  c u r r e n t s  a s  a  func t ion  of Ap and l a t i t u d e .  
The l a t i t u d e  dependence i s  i l l u s t r a t e d  f o r  low and high l e v e l s  of d i s -  
turbance i n  f i g s ,  2  and 3, r e s p e c t i v e l y ,  (Reference 2 ) .  The spreading  
of  t h e  d i s tu rbed  a u r o r a l  region t o  lower l a t i t u d e s  during storms can be 
c l e a r l y  seen.  
The ranges a t  s e v e r a l  l o c a t i o n s  have been normalized and p l o t t e d  a g a i n s t  
Ap i n  f i g .  4. Kp has a l s o  been p l o t t e d  aga ins t  Ap, us ing  t h e  r ight-hand 
s c a l e .  The l o c a t i o n s  a r e  t h e  t rough near  20°, t h e  average l a t i t u d e  of 
s t a t i o n s  used t o  cons t ruc t  Kp and Ap (57'1, t h e  peak of t h e  d i s tu rbed  
reg ion  around t h e  a u r o r a l  zone, and t h e  p o l a r  cap (80'). The normalized 
range a t  57' d i f f e r s  from t h e  normalized curve f o r  Ap by no more than  
30%. A t  a l l  o t h e r  l a t i t u d e s  d is turbance  v a r i e s  more l i k e  Kp t han  Ap a t  
t h e  low va lues ,  b u t  more l i k e  Ap a t  t h e  high va lues .  This  behavior  i s  
q u a l i t a t i v e l y  t h e  same as t h a t  of t h e  t h r e e  curves i n  f i g .  1. A t  t h i s  
p o i n t  we should mention t h a t  T r u t t s e  (Reference 8)  has r e c e n t l y  shown t h a t  
t h e  dens i ty  p e r t u r b a t  ions a t  low and middle l a t i t u d e s  during geomagnetic 
storms a r e  l i n e a r l y  r e l a t e d  t o  t h e  AE index averaged over  t h e  preceding 
10  hours .  This  would be approximately p ropor t iona l  t o  t h e  he igh t  of  t h e  
peak,  because t h e  AE index i s  a measure of a u r o r a l  e l e c t r o j e t  a c t i v i t y .  
The two p r i n c i p a l  t h e o r i e s  which have been proposed t o  exp la in  t h e  car- 
pus c u l a r  hea t ing  e f f e c t  a r e  D e s s l e r ' s  ( ~ e f e r e n c e  9 )  and Cole ' s (Reference 
1 0 ) .  Dess les  suggested t h a t  t h i s  e f f e c t  i s  caused by t h e  absorp t ion  of 
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magnetohydrodynamic waves i n  t h e  ionosphere.  Dess l e r ' s  theory has now 
been disproved by Campbell (~efesence 111, Cole appl ied  t o  t h e  ionosphere 
e a r l i e r  work by Cowling and by Piddington on e l e c t r i c  f i e l d s  and fo rces  
i n  plasmas of a s t rophys i ca l  i n t e r e s t ,  Cole shoved t h a t  t h e  power inpu t  
Q t o  u n i t  volume of t h e  h i g h - l a t i t u d e  ionosphere caused by d is turbance  
c u r r e n t s  J i s  Q = j * /a 3 ,  where 0 is t h e  Cowling conduct iv i ty  . a i n -  
c reases  during geomagnetic d i s tu rbances ,  b u t  t h e  func t iona l  r e l a t i o n s h i p  
i s  unknown. A method of e s t ima t ing  t h e  dependence of a, on j w i l l  now be 
descr ibed.  
A s  Dessler  has  pointed o u t ,  nea r ly  a l l  of t h e  geomagnetic d i s turbance  a t  
low and middle l a t i t u d e s  i s  caused by t h e  r i n g  c u r r e n t ,  which cannot 
d i r e c t l y  h e a t  t h e  atmosphere. The corpuscular  energy inpu t  must t h e r e f o r e  
occur i n  t h e  a u r o r a l  zones and po la r  caps. The mechanisms which might 
t r a n s f e r  p a r t  of t h i s  e f f e c t  t o  t h e  lower l a t i t u d e s  a r e  mass outflow caused 
by a  p re s su re  g rad ien t  ( ~ e f e r e n c e  lo), and t h e  d i s s i p a t i o n  of t h e  e n e r w  
of l a r g e  t r a v e l i n g  ionospher ic  d is turbances  ( ~ e f e r e n c e  1 2 )  by t h e  type  of 
viscous i n t e r a c t i o n  which Hines has o f t e n  descr ibed  ( ~ e f e r e n c e  1 3 ) .  
Nei ther  of t h e s e  ideas  f o r  expla in ing  t h e  observed e f f e c t s  a t  low and 
middle l a t i t u d e s  has been subjec ted  t o  q u a n t i t a t i v e  c a l c u l a t i o n ,  bu t  i f  
one assumes t h a t  t h e  f r a c t i o n  of t h e  corpuscular  energy (depos i ted  a t  high 
l a t i t u d e s )  which is t r anspor t ed  t o  t h e  lower l a t i t u d e s  i s  independent of 
Ap,  then  t h e  dependence of a, on j can be ca l cu la t ed .  
The d is turbance  c u r r e n t s  represented  by t h e  pe r tu rba t ions  of t h e  geomagnetic 
f i e l d  i n  f i g s ,  2 and 3 have been i n t e g r a t e d  over  t h e  a u r o r a l  zone and  p o l a r  
cap. The r e s u l t i n g  t o t a l  cu r r en t  has been i n s e r t e d  i n  Cole 's  equat ion t o  
c a l c u l a t e  Q under two d i f f e r e n t  assumptions, u 3  a J ,  and a, a j * .  The 
normalized r e s u l t s  a r e  shown i n  f i g .  5 ,  wi th  t h e  a r e a  shaded between t h e  
curves r ep re sen t ing  t h e  two cases .  Notice t h a t  t h e  experimental  d a t a  i n  
f i g .  1 would f i t  between t h e s e  two curves,  implying t h a t  t h e  Cowling con- 
d u c t i v i t y  i nc reases  s l i g h t l y  f a s t e r  than t h e  ionospher ic  cu r r en t s .  
I n  support  of t h i s  i d e a ,  we note  t h a t  Wescott e t  a l .  (Reference 14 )  have 
observed i n  a  number of barium-cloud experiments i n  t h e  a u r o r a l  zone t h a t  
t h e  e l e c t r i c  f i e l d  i s  a n t i c o r r e l a t e d  wi th  aurora .  O f  course ,  we have 
been r e l a t i n g  t h e  energy deposi ted i n  one cubic cent imeter  of t h e  a u r o r a l  
zone t o  t he  exospheric  temperature r i s e  of a  v e r t i c a l  column a t  low and 
middle l a t i t u d e s ,  s o  t h e  c a l c u l a t i c n  i s  f a r  from exac t .  The important 
po in t  i s  t h a t  t h e  h ighly  nonl inear  r e l a t i o n s h i p  between Ap and t h e  temper- 
a t u r e  i nc rease  is capable of being explained i n  terms of t h e  corpuscular  
energy inpu t  a t  high l a t i t u d e s  and i t s  t ransmiss ion  t o  low l a t i t u d e s .  I t  
i s  e s s e n t i a l  f o r  t h e  cons t ruc t ion  of r e a l i s t i c  g l o b a l  atmospheric models 
t h a t  t h e  corpuscular  hea t ing  e f f e c t  be c o r r e c t l y  descr ibed.  Deta i led  
c a l c u l a t i o n s  should be c a r r i e d  out  employing t h e  t h e o r e t i c a l  i deas  o f  
Cole and Hines. Despite t h e  poor s p a t i a l  r e s o l u t i o n  of t h e  p o l a r  s a t e l l i t e  
d a t a ,  DeVries e t  a l .  (Reference 1 5 )  have been ab le  t o  show by means of a 
mul t ip l e -co r re l a t ion  ana lys i s  t h a t  t h e  time delay i n  t h e  response of t h e  
atmosphere t o  t h e  corpuscular  energy source i s  p ropor t iona l  t o  t h e  d i s -  
tance between t h e  au ro ra l  zone and t h e  per igee  p o i n t ,  thus  ve r i fy ing  t h a t  
t h e  energy i s  f i r s t  deposi ted a t  high l a t i t u d e s ,  and then  i s  t r a n s p o r t e d  
t o  low l a t i t u d e s .  Now t h a t  accelerometers  and p re s su re  gauges have been 
placed i n  p o l a r  o r b i t s ,  b e t t e r  measurements of t h e  l a t i t u d e  dependence of 
t h e  corpuscular  hea t ing  e f f e c t  a r e  becoming a v a i l a b l e .  This w i l l  enable  
t h e  t h e o r i e s  t o  be t e s t e d  and t h e  corpuscular  hea t ing  process  t o  be b e t t e r  
understood, 
Improved atmospheric models can then  be cons t ruc ted .  The p red ic t ion  of va lues  
of Kp o r  Ap t o  i n s e r t  i n t o  t h e s e  models i s  t h e  s u b j e c t  of t h e  p re sen t  r e p o r t .  
Sect ion 3 
SHORT TERM PREDICTIONS OF CKp 
This  s e c t i o n  desc r ibes  t h e  equat ions and t h e  k inds  of measurements which were 
used i n  p r e d i c t i n g  CKp and compares t h e s e  s imulated p r e d i c t i o n s  with t h e  
measured values of CKp. 
3 .1  DATA 
The fol lowing d a t a  were considered f o r  use i n  t h e  p r e d i c t i o n  formula f o r  CKp: 
So la r  wind speed 
10 cm s o l a r  r a d i o  no i se  b u r s t s  
Sudden ionospher ic  d is turbances  
Outstanding x-ray events  
PCA events  
S o l a r  f l a r e s  
I n t e r p l a n e t a r y  f i e l d  v a r i a t i o n s  
Elec t ron  events  
Sunspot a r e a s  i n  e q u a t o r i a l  zone of sun 
Neutron-monitor measurements 
Magnetic c rochets  
Data i tems 1, 5 ,  7 and 9 were chosen because they had previous ly  been i n d i v i -  
dua l ly  c o r r e l a t e d  wi th  ICp o r  Ap by Snyder e t  a l .  (Reference 1 6 ) ,  Moe (Reference 
1 7 ) ,  Coleman e t  al .  (Reference 18) and Gnevyshev (Reference 1 9 ) ,  r e s p e c t i v e l y .  
The remaining i tems a r e  a l l  a s s o c i a t e d  wi th  geomagnetic a c t i v i t y  and were thought  
t o  be r e a d i l y  a v a i l a b l e ,  The f i r s t  f i v e  d a t a  i tems a r e  used i n  t h e  f i n a l  predic-  
t i o n  formula and w i l l  be  d iscussed  i n  t h e  fol lowing s e c t i o n ,  The last  s i x  were 
r e j e c t e d  f o r  a v a r i e t y  of reasons:  The s o l a r  f l a r e  d a t a ,  publ ished i n  
(Reference 20)  were found t o  be t o o  q u a l i t a t i v e ,  incom- 
p l e t e ,  and unwieldy f o r  t he  p re sen t  purposes.  B a l l i f  e t  a l .  (Reference 21 )  found 
t h a t  t h e  c o r r e l a t i o n  between Kp and i n t e r p l a n e t a r y  f i e l d  v a r i a t i o n s  is g r e a t l y  
reduced when t h e  s a t e l l i t e  t & i n g  t h e  measurements is more than  a few degrees 
of h e l i o c e n t r i c  mg%e fsm the e a r t h ,  Thus, such data would probably not  be 
use fu l  f o r  two-day p red ic t ions .  The prompt f l uxes  of  e l e c t r o n s  with e n e r g i e s  
g r e a t e r  than  40 Kev from s o l a r  f l a r e  e l e c t r o n  even t s ,  obtained from Anderson 
( ~ e f e r e n c e  22 and unpublished d a t a ) ,  were compared wi th  Kp. There w a s  a  good 
c o r r e l a t i o n  wi th  Kp two o r  t h r e e  days l a t e r ,  Prompt e l e c t r o n  d a t a  were no t  
used i n  t h e  s imulated p red ic t ions  because they  a r e  not  y e t  a v a i l a b l e  f o r  1968; 
however, i f  they  were a v a i l a b l e  i n  r e a l  t ime,  they would be use fu l  f o r  pred ic-  
t i o n s .  Gnevyshev ( ~ e f e r e n c e  19 )  shows a  long-term c o r r e l a t i o n  between Ap and 
sunspot a r eas  i n  t h e  e q u a t o r i a l  reg ion  of t h e  sun. However, a n a l y s i s  of 300 
sunspot photographs suppl ied  by Lt .  I s b e l l e  of t h e  USAF So la r  Observatory at 
V a n  Norman Reservoi r  (nea r  Los Angeles) d id  not  r e v e a l  any s i g n i f i c a n t  day-to- 
day o r  month-to-month c o r r e l a t i o n .  Data i tems 10 and 11 were not  used because 
of incompleteness.  
3.2 REDUCTION OF DATA 
The predi  c t i o n  formula, 
where K i s  t h e  p red ic t ed  value of CKp,  r e f l e c t s  two apparent  con t r ibu t ions  t o  
t h e  geomagnetic index;  KM i s  t h e  con t r ibu t ion  due t o  long-l ived,  a c t i v e  r eg ions  
on t h e  sun ,  and KF i s  t h a t  due t o  f l a r e -a s soc i a t ed  b u r s t  phenomena. 
The b a s i c  da ta  t o  be used i n  t h e  p red ic t ion  formula a r e  t h e  s o l a r  wind speed  
measurements made by t h e  Pioneer  VII s a t e l l i t e .  This  d a t a  has been publ i shed  
i n  Solar-Geop&sical Data s i n c e  December of 1967. Pioneer  VII o r b i t s  t h e  sun 
i n  a  p o s i t i o n  such t h a t  it sees  a  p a r t i c u l a r  meridian of  t h e  sun T days sooner  
than t h e  s o l a r  r o t a t i o n  causes t h e  e a r t h  t o  s e e  t h i s  same meridian ( s e e  F igu re  
6 ) .  Hence, f i r s t - o r d e r  p red ic t ions ,us ing  only s o l a r  wind speed d a t a ,  can b e  
made r days i n  advance. Snyder e t  a l .  (1963) showed a good c o r r e l a t i o n  
between CKp and t h e  s o l a r  wind speed U from Mariner I V  d a t a  according t o  t h e  
formula 
(See Figure 7 e ) 
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In  t h e  p re sen t  study t h e  pre l iminary  formula, pa t t e rned  a f t e r  t h a t  of Snyder 
e t  a l ,  , i s  
where K' i s  t h e  prel-iminary p r e d i c t i o n  c f  CKp and U i s  t h e  s o l a r  wind speed  
a s  measured by Pioneer  V I I .  I n  applying Equation 2 ,  t h e  U d a t a  must be co- 
r o t a t e d  such t h a t  U on a c e r t a i n  day p r e d i c t s  CKy at t h e  e a r t h  T days l a t e r .  
If T were equal  t o  zero,  t h e r e  would be no need t o  s epa ra t e  t h e  a c t i v e  reg ion  
and f l a r e - a s s o c i a t e d  c o r ~ t r i b u t i o n s  t o  CK s i n c e  U i s  assumed t o  r e f l e c t  a11 P'  
magnetic a c t i v i t y .  O f  course ,  i n  t h i s  ca se ,  Equation 2 would no longer  be  a 
p r e d i c t i o n .  Because "r i s  on t h e  o rde r  of days,  however, t h e  p red ic t ion  formula 
may be improved by cons ider ing  t h e  two con t r ibu t ions  s e p a r a t e l y ;  t h e  f l a r e -  
a s soc i a t ed  con t r ibu t ions  t o  CK f ron  a p a r t i c u l a r  event  must be added t o  K '  P 
at t h e  t ime of t h e  even t ,  s i n c e  t h e  da t a  were taken T days be fo re  t h e  e v e n t ,  
and s u b t r a c t e d  from it T days l a t e r ,  
Thus, t h e  f i n a l  p r e d i c t i o n  formula i n  terms of K' i s  
where t h e  bracke ted  term rep resen t s  ~ ~ ( t )  and KFS r ep re sen t s  f l a r e -a s soc i a t ed  
con t r ibu t ions  a t  t h e  s a t e l l i t e .  I m p l i c i t  i n  Equation 3 i s  t h e  assumption t h a t  
t h e  f l a r e -a s soc i a t ed  events  recorded a t  t h e  e a r t h  a f f e c t  both t h e  s a t e l l i t e  
and t h e  e a r t h  i n  t h e  same manner. This  assumption w i l l  be  made obvious i n  t h e  
more d e t a i l e d  d iscuss ion  t o  fo l low,  
The f l a r e -a s soc i a t ed  events  used as precursors  of geomagnetic a c t i v i t y  i n  t h e  
p re sen t  p r e d i c t i o n  scheme a r e  i tems 2-5 l i s t e d  i n  Sec t ion  3.1. The 10  cm s o l a r  
r a d i o  f l u x  measurements a r e  obtained from t h e  Sagamore IIj.11 Observatory of  t h e  
A i r  Force Cambridge Research Labora tor ies .  These d a t a  a r e  taken cont inuously 
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CKp and t h e  range of geomagnetic d i s turbance  a t  t h e  peak of t h e  a u r o r a l  zone, 
converted t o  r e l a t i v e  u n i t s  (based on Reference 2 ) .  To decide how many of 
each o f  t h e  precursors '  u n i t s  correspond t o  1 .0  r e l a t i v e  u n i t s  on t h e  a b s c i s s a  
of t h i s  curve,  t h e  f a c t o r s  y i e l d i n g  t h e  b e s t  p r e d i c t i o n  f o r  n ine  a s s o r t e d  days 
i n  1968 were chosen. An at tempt  was made t o  g ive  equal  weight t o  each o f  t h e  
fou r  p recu r so r s .  Table 2 l i s t s  t h e  chosen conversion f a c t o r s .  When t h e  
con t r ibu t ion  t o  CKp f o r  a p a r t i c u l a r  event  was l e s s  than  1.0,  t h e  curve w a s  
l i n e a r l y  ex t r apo la t ed  on t h e  logar i thmic  graph. 
FACTORS USED TO CONVERT VARIOUS PRECURSOR UNITS  TO ZKp UNITS  
PRECUHSOR 
NUMBER OF UNITS EQUAL TO 1 . 0  RELATIVE 
UNIT ON ABSCISSA OF GRAPH I N  FIGURE 10  
1 0  cm s o l a r  r a d i o  f l u x  1.0" '~ watts m-* H-I 
z 
Sudden phase anomalies 100,000 degrees 
Outstanding x-ray events  10 ( 0 - 8 ~ )  
e m i s s i v i t i e s  
l o o  ( 8 - ~ O A )  
PCA events  100 dec ibe l s  
To e x e m p l i o  t h e  above procedure,  a  s imula ted  p r e d i c t i o n  f o r  June 16,  1968, 
fol.lows. at t h i s  t ime,  T was equa l  t o  5 days, The s o l a r  wind speed U on 
June 11 was 525 km/sec. S u b s t i t u t i n g  t h i s  va lue  i n t o  Equation 2 y i e l d s  t h e  
i n i t i a l  p r e d i c t i o n  K t ,  
To c a l c u l a t e  K F ~ ,  account i s  taken of all. p recursor  events  which occurred from 
one t o  four  days be fo re  June 11, and each event  is m u l t i p l i e d  by t h e  app ropr i a t e  
s c a l i n g  f a c t o r s .  For example, a PCA event  of amplitude 5.7 db a s s o c i a t e d  with 
a  f l a r e  located a t  8OW on the  sun 's  disk r e l a t i v e  t o  the  e a r t h ,  occurred on 
June 9. The value of 5 ,7  db i s  f i r s t  mul t ip l i ed  by 1 / 3  f o r  f l a r e  longi tude ,  
according t o  Figure 7,  taking i n t o  account t h a t  t h e  s a t e l l i t e  i s  70' e a s t  of 
the  e a r t h ,  r e l a t i v e  t o  t h e  sun. 
'C 
( ~ s  period 360' = - 360° = 70° .I 27.5 
The r e s u l t a n t  value of 1.9 db i s  then mul t ip l i ed  by 1 f o r  storm time delay,  
according t a  Figure 8,  and by l / ( 1 0 0  db) , according t o  Table 2. This y i e l d s  
a r e l a t i v e  value of 0.019, which corresponds t o  1.6 CKp u n i t s  on t h e  graph i n  
Figure 9.  Similar  ca lcu la t ions  f o r  a l l  o the r  precursors which occurred one 
t o  four days before  June 1 2  a r e  l i s t e d  i n  Table 3. For these  remaining precursors ,  
longitude of t h e  associa ted  f l a r e  was not taken i n t o  account. 
PRECURSOR 
10 cm f l u x  
Sudden phase 
anomalies 
I I 
11 
X-ray event 
(0-8A) 
DATE 
6-9 
6- 7  
6-8 
6-9 
6-10 
6-7 
6-7 
6-9 
6-9 
TABLE 3 
SAMPLE PREDICTION CALCULATION 
TIME DELAY 1 
------. 
AMPLITUDE x FACTOR x TABLE 2 FACTOR =X 
X I N  Kp 
UNITS 
-1, 
neg l ig ib le  
1, 
neg l ig ib le  
0 - J - ,  
neg l ig ib le  
Summing t h e  r e s u l t s  of t h e  above c a l c u l a t i o n s ,  inc luding  the  PCA c o n t r i b u t i o n ,  
y i e l d s  KFS = 3.1. The remaining parameter i n  Equation 3 ,  K F ,  i s  c a l c u l a t e d  
i n  a  comparable manner f o r  a l l  p recursors  occurr ing  two t o  fou r  days before  
June 16. (Because t h e  p r e d i c t i o n  i s  f o r  two days i n  advance, t hose  p recu r so r s  
occurr ing  one day before  June 16  cannot be taken i n t o  account ,  However, t h e  
amount con t r ibu ted  t o  t h e  CKp one day be fo re  t h e  f a c t  i s  u sua l ly  n e g l i g i b l e .  ) 
During t h i s  time i n t e r v a l ,  t h e  only a c t i v i t y  which occurred were sudden phase 
anomalies on June 1 3  of t o t a l  amplitude 120°, y i e l d i n g  a con t r ibu t ion  of 0 .1  
t o  KF. The two-day p r e d i c t i o n  K i s  obtained by s u b s t i t u t i n g  K t ,  KFS and KF 
i n t o  Equation 3 ;  t h e  r e s u l t  i s  
The a c t u a l  value of CKp f o r  June 16  was 18. 
3 .3  DISCUSSION OF RESULTS 
Simulated p red ic t ions  of CKp f o r  1968 made by t h e  above method a r e  compared 
with t h e  a c t u a l  va lues  of CKp i n  Figure 11. The s o l i d  l i n e  r ep re sen t s  CKp. 
The dashed l i n e  r ep re sen t s  p red ic t ions  based on t h e  co-rotated Pioneer  VII 
s o l a r  wind measurements alone.  The do t t ed  l i n e  r ep re sen t s  p red ic t ions  based 
on both s o l a r  wind measurements and f l a r e -a s soc i a t ed  e v e n t s ,  us ing  Equation 
3. A s o l i d  t r i a n g l e  i s  placed on t h e  time s c a l e  every 27 days,  bu t  t h e r e  i s  
not much evidence of 27-day recur rence  i n  t h e s e  da t a .  To i n v e s t i g a t e  t h i s  
ques t ion  f u r t h e r ,  27-day d i f f e rences  i n  CKp were ca l cu la t ed .  They were l a r g e r  
than  5 u n i t s  most of t he  t ime ,  o f t e n  much l a r g e r .  This  again i n d i c a t e s  l i t t l e  
recur rence  tendency. I t  i s  expected t h a t  a  27-day recurrence tendency w i  11 
be more prominent a f t e r  sunspot maximum. 
There is  l i t t l e  d i f f e r ence  between t h e  dashed and do t t ed  l i n e s  i n  Figure . l a ,  
except nea r  t h e  beginning of  Iiovember. This  means t h a t  f l a r e -a s soc i a t ed  
events  made a  n e g l i g i b l e  con t r ibu t ion  t o  t h e  computed C K p ,  except  during 
November. On t h e  o t h e r  hand, t h e  lack of' a  c l e a r  27-day recur rence  tendency 
i n d i c a t e s  t h a t  t h e  plasma tongues a r e  r ap id ly  evolv ing ,  and causes one t o  
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expect  f l a r e -a s soc i a t ed  events  t o  be more important .  
Because of t h e  l a r g e  f l a r e - a s s o c i a t e d  events  a t  t h e  beginning of November, 
l a r g e  adjustments were made i n  t h e  s o l a r  wind speed. Apparently t h e r e  was 
an ove rco r rec t ion ,  because t h e  p r e d i c t i o n  CKp sometimes went nega t ive .  An 
a l t e r n a t i v e  dependence of f l a r e -a s soc i a t ed  emissions on t h e  angular  d i s t a n c e  
from c e n t r a l  meridian passage has a l s o  been used i n  Figure l 1 C  t o  ob ta in  a  
r ev i sed  p red ic t ion  f o r  November which does no t  go negat ive .  There were no 
o the r  l a r g e  events  i n  1968, s o  t h i s  r ev i sed  angular  dependence could not  be 
t e s t e d  on independent da t a .  
Some of t h e  sma l l e r  geomagnetic storms which appear not  t o  be f l a r e -a s soc i a t ed  
may a c t u a l l y  be a s s o c i a t e d  with f l a r e s  which d id  no t  produce enough p e n e t r a t i n g  
s o l a r  r a d i a t i o n  t o  a f f e c t  riorneters ( -  0.5 d b ) ,  y e t  might have been observable 
wi th  ionosondes a t  p o l a r  s t a t i o n s  ( ~ e f e r e n c e  24),  o r  by forward s c a t t e r  
( ~ e f e r e n c e  2 5 ) .  A search  f o r  small  PCA1s, us ing  ionosonde and forward s c a t t e r  
d a t a  f o r  1968, would be d e s i r a b l e  when such d a t a  become a v a i l a b l e .  In  an 
e a r l i e r  study ( ~ e f e r e n c e  1 7 ) ,  it was shown t h a t  some of t h e  sma l l e r  storms 
during t h e  f i r s t  s i x  months of t h e  I G Y  were preceded by PCA1s which were 
de t ec t ed  by ionosondes, bu t  n o t  by r iometers ,  
A number of s t a t i s t i c a l  t e s t s  have been performed on t h e  d a t a  and t h e  predic-  
t i o n s .  The f i r s t  group of t e s t s  was in tended  t o  eva lua t e  t h e  r a t e  of evo lu t ion  
of t he  plasma tongues and t h e  ease  wi th  which t h e i r  e f f e c t s  pene t r a t e  i n t o  
t h e  e a r t h ' s  magnetosphere. A s  p a r t  o f  t h e s e  t e s t s ,  it was necessary t o  e s t i -  
mate t h e  e f f e c t s  of  b i a s e s  and random e r r o r s  o f  measurement on t h e  r epo r t ed  
va lues  o f  s o l a r  wind speed. The r e s u l t s  of t h e s e  t e s t s  a r e  r ep re sen ted  a s  
s tandard  devia t ions  i n  Table h .  
TABLE 4 
STANDARD DEVIATIONS OF PLASMA SPEED MEASUREMENTS 
s . d ,  i n  Units  8.4 
of CI (p  
The f i r s t  quan t i t y  i n  Table 4 i n d i c a t e s  t h a t  t h e  27-day recur rence  tendency 
was not  p a r t i c u l a r l y  s t rong  i n  1968, because t h e  s tandard  dev ia t ion  of Pioneer  
V I I  measurements from those  obta ined  27 days l a t e r  was 8.4 ( i n  u n i t s  of C K p )  
whereas t h e  random e r r o r s  of measurement appeared from t h e  d a t a  t o  be only one 
o r  two u n i t s .  Standard dev ia t ions  of Pioneer  V I I  measurements s i x  months 
a p a r t  were a l s o  c a l c u l a t e d ,  y i e l d i n g  an s . d .  of 11, which should correspond 
t o  uncor re l a t ed  da t a .  The s . d . ' s  between a  s e r i e s  of  measurements, a  and i ' 
another  s e r i e s ,  b i ,  were ca l cu la t ed  by t h e  formula 
When Pioneer  V I I  measurements were used t o  p r e d i c t  t h e  measurements of P ioneer  
V I  two weeks l a t e r ,  t h e  s , d ,  was l a r g e r  than  t h a t  of' a 27-day p r e d i c t i o n  of 
P ioneer  V I I  by i t s e l f .  This  sugges ts  t h e  inf luence  of b i a s e s  o r  n o n l i n e a r i t i e s  
i n  t h e  measurements, although temporal o r  s p a t i a l  f l u c t u a t i o n s  i n  t h e  s o l a r  
wind could be r e spons ib l e .  When Pioneer  VPI d a t a  alone were co-rotated t o  
provide a simple p red ic t ion  of C K p ,  t h e  e r r o r  was near ly  as l a r g e  as six-month 
predj  c t i o n s  of Pioneer  VI1, sugges t ing  t h a t  t h e  complicat ions in t roduced  by 
t h e  pene t r a t ion  of t h e  magnetosphere were a t  l e a s t  s u f f i c i e n t  t o  i nc rease  t h e  
s a d .  from 8.4 t o  10.5; i . e . ,  nea r ly  s u f f i c i e n t  t o  cause t h e  p r e d i c t i o n s  t o  
be uncorre la ted  with t h e  quant i ty  being p red ic t ed .  When Pioneer  V I I  da t a  
were used t o  p r e d i c t  CKp,  t h e  two appeared t o  be uncor re l a t ed .  I n  f a c t ,  i t  
would appear fronl t h e s e  d a t a  t h a t  any p r e d i c t i o n  with an s .d .  above about 
18 u n i t s  is uncor re l a t ed  wi th  the quan t i t y  being p red ic t ed .  
Having e s t a b l i s h e d  t h i s  b a s i c  information about t h e  d a t a ,  we proceed t o  a 
s t a t i s t i c a l  eva lua t ion  of t h e  p red ic t ions  of  CKp. Table 5 l i s t s  t h e  s . d . ' s  
of p red ic t ions  by s e v e r a l  methods : 
Q u a n t i t i e s  
TABLE 5 
STANDARD D E V I A T I O N S  OF P R E D I C T I O N S  OF EKp 
- 
P r e d i c t  ion  C K p  - CKp C K ~ ( ~ ) - C K  ( t - 2 )  P7-CKp 
of  Fig.  11 P 
s .d,  i n  Units  
of CKp 10.8 8.6 
The p r e d i c t i o n s  using t h e  co-rotated s o l a r  wind speed from Pioneer  VII and t h e  
f l a r e -a s soc i a t ed  p r e c u r s o r s ,  which i s  i l l u s t r a t e d  i n  F igure  11, i s  no t  s i g n i -  
f i c a n t l y  b e t t e r  than a value picked at random. We a t t r i b u t e  t h i s  nega t ive  
r e s u l t  t o  t h e  f a c t  t h a t  r iometers  a r e  i n s e n s i t i v e  t o  t h e  sma l l e r  PCA's, and 
some of t h e  o t h e r  p recu r so r s  a r e  a v a i l a b l e  only p a r t  o f  t h e  time. We expect  
t h a t  t h i s  r e s u l t  would be improved i f  d a t a  from p o l a r  ionosondes and o t h e r  
s e n s i t i v e  measurement methods were a v a i l a b l e  f o r  1968 on s 24-hour b a s i s .  
A p r e d i c t i o n ,  us ing  t h e  annual average,  is ( s u r p r i s i n g l y )  t h e  b e s t  o f  t h e  
four  methods compared i n  Table 5. This  number was a r r i v e d  at independently 
by two d i f f e r e n t  computers, s o  it i s  c o r r e c t .  I t  corresponds t o  an e r r o r  
of 1.1 u n i t s  i n  the  p red ic t ed  va lue  of Kp. The p r e d i c t i o n s  based on two-day 
pe r s i s t ence  and t h e  Pioneer  V I I  s o l a r  wind speed a r e  not  s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  of Figure 11, o r  from a random guess .  
The conclusions t o  be deduced from t h i s  s t a t i s t i c a l  a n a l y s i s  a r e  t h a t  t h e  
annual average i s ,  a t  t h e  p re sen t  t ime,  b e t t e r  than any of t h e  more s o p h i s t i -  
c a t e d  methods of p r e d i c t i n g  Kp employed i n  t h i s  r e p o r t .  More research  on 
t h e  f l a r e -a s soc i a t ed  events  i s  obviously needed. This research  should be 
d i r e c t e d  toward t h e  more s e n s i t i v e  methods, such as  ionosondes i n  po la r  
l o c a t i o n s ,  and toward obta in ing  complete 24-hour coverage of t h e  f l a r e -  
a s s o c i a t e d  precursors .  
3.4 SUGGESTIONS FOR mPTURE RESEARCH 
There a r e  two l i n e s  along which f u t u r e  research  could p r o f i t a b l y  be conducted: 
One i s  t o  s tudy the  usefu lness  of  a d d i t i o n a l  precursors  i n  t he  p red ic t ion  of 
f l a r e - a s s o c i a t e d  magnetic storms. Some of t h e  b e s t  p recursors  Fire not  y e t  
a v a i l a b l e  f o r  t h e  yea r  1968, but  w i l l  l a t e r  become a v a i l a b l e .  These w i l l  be  
d iscussed  i n  Sec t ion  3.4.1. The second f u t u r e  research  a rea  i s  the  i n s t r u -  
mentation and eva lua t ion  of a  space probe which is  s p e c i f i c a l l y  designed t o  
a i d  i n  t h e  p r e d i c t i o n  of geomagnetic storms. The o r b i t  and instruments  which 
would be d e s i r a b l e  f o r  such a research  p r o j e c t  w i l l  be b r i e f l y  discussed i n  
Sec t ion  3.4.2. 
3.4.1 Further  S tud ie s  Involving Pre_c=~or& 
--- -- ------ 
Although m a y  precursors  have been u t i l i z e d  i n  t he  p re sen t  s tudy ,  some of the  
precursors  used had gaps i n  geographical  o r  temporal coverage, For example, 
we only have d a t a  on s o l a r  r a d i o  noise  b u r s t s  from North America, and t h e  
s o l a r  x-ray d a t a  appear not  t o  cover a l l  t imes.  O t h e r  promising precursors  
a r e  not  y e t  a v a i l a b l e  f o r  t h e  y e a r  1968, Among the  unavai lab le  d a t a  a r e  po la r  
ionosonde, IIF obl ique-incidence,  p o l a r  a i rg low,  and prompt e n e r g e t i c  e l e c t r o n  
measurements. A sea rch  f o r  smal l  PCA's would be d e s i r a b l e ,  us ing  po la r  
ionosonde ( ~ e f e r e n c e  26)  and HF oblique-incidence measurements ( ~ e f e r e n c e s  24, 
25)  f o r  1968 (when they become a v a i l a b l e ) .  
To f a c i l i t a t e  f u t u r e  r e sea rch ,  and f o r  t h e  improvement of t h e  s torm-predict ing 
networks, it would be d e s i r a b l e  t h a t  each h igh - l a t i t ude  r iometer  have an 
ionosonde near  i t ,  and t h a t  t h e i o n o s o n d e  measurements be reduced immediate&, 
 h here i s  an ionosonde f o u r  mi les  from t h e  r iometer  a t  McMurdo Sound, A n t a r c t i c a ,  
b u t  t h e  ionosonde measurements do no t  become a v a i l a b l e  f o r  s e v e r a l  yea r s  a f t e r  
t hey  a r e  recorded . )  The d i f f e r ences  i n  absorp t ion  between day and n i g h t ,  which 
were s t u d i e d  by Adams and Masley ( ~ e f e r e n c e  271, should be s tud ied  f o r  diag-  
n o s t i c  va lue ,  because t h e  energy spectrum of e n e r g e t i c  s o l a r  p a r t i c l e s  might 
a f f e c t  r a d i o  propagat ion and magnetic storms i n  d i f f e r e n t  ways. The s e c t o r  
s t r u c t u r e  and t h e  southward po in t ing  f i e l d  component may a f f e c t  t h e  i n t e r a c t i o n  
between s o l a r  plasma and t h e  magnetosphere, s o  t h i s  e f f e c t  should be looked f o r  
when t h e s e  d a t a  become a v a i l a b l e  f o r  1968. Cor re l a t ed  s t u d i e s  f o r  1968, u s ing  
long d i s t a n c e  HF r a d i o  propagat ion ( ~ e f e r e n c e s  24, 25) and VLF phase anomalies 
( ~ e f e r e n c e  2 0 ) ,  could be q u i t e  in format ive ,  e s p e c i a l l y  i f  t h e  energy spectrum 
revea led  by d i u r n a l  v a r i a t i o n s  observed wi th  p o l a r  r iometers  were taken i n t o  
account.  
Some a d d i t i o n a l  p recu r so r s  have been r epor t ed  i n  r e c e n t  y e a r s ;  C a s t e l l i  and 
Arons have r epor t ed  t h a t  t h e  spectrum of  s o l a r  r a d i o  no i se  b u r s t s  can be used 
t o  p r e d i c t  geomagnetic storms (Reference 29 ) .  Adkinson and Hoffman have 
r epor t ed  t h a t  h a l f  of t h e  magnetic storms which occurred  between A p r i l ,  1965, 
and May, 1966,were preceded by a p e c u l i a r  t r a n s i e n t  seen i n  t h e  geomagnetic 
records  at middle l a t i t u d e s  (Reference 30). 
Mathews e t  al .  (Reference 31) have used super  neutron monitor d a t a  a t  many 
low- la t i tude  s t a t i o n s  around t h e  world t o  s tudy  t h e  an iso t ropy  of Forbush 
decreases  and "pre-decreases ." The "pre-decreasev' may be t h e  r e s u l t  o f  t h e  
t u r b u l e n t  plasma cloud o r  shock f r o n t  s c a t t e r i n g  cosmic r ays  away from t h e  
e a r t h .  These "pre-decreases" a r e  sometimes seen  a t  c e r t a i n  low- la t i tude  
s t a t i o n s  be fo re  a storm's sudden commencement. The i r  poss ib l e  p r e d i c t i v e  
value  should be i n v e s t i g a t e d  when t h e  measurements f o r  1968 become a v a i l a b l e .  
When d a t a  on t h e s e  new precursors  become a v a i l a b l e  f o r  1968, they  should be  
compared wi th  t h e  o t h e r  d a t a  f o r  t h e  same yea r .  
Because s o  many kinds of d a t a  a r e  involved,  it appears t h a t  a cooperat ive 
s tudy would be r equ i r ed  t o  eva lua t e  a l l  t h e  precursors  and t h e i r  i n t e r r e l a t i o n s .  
The MDAC Space Sciences Department would g l a d l y  con t r ibu te  i t s  po la r  r iometer  
d a t a ,  a s  we l l  a s  the  graphs of  many precursors  during 1968. Although t h e r e  
w a s  l i t t l e  27-day recurrence tendency i n  t h e  d a t a  f o r  1968, t h i s  i s  not t o o  
s u r p r i s i n g ,  because recurrence becomes more prominent l a t e r  i n  t h e  sunspot  
cycle .  There w i l l  be  an oppor tuni ty  t o  s tudy  recur rence  i n  t h e  1970 - 1975 
d a t a  when t h a t  time comes. A s a t e l l i t e  i n  t he  Vela o r b i t  would be d e s i r a b l e ,  
i n  a d d i t i o n  t o  a t  l e a s t  two Pioneer  space probes ,  bu t  t he  p re sen t  v e l o c i t y  
r e s o l u t i o n  of Vela s o l a r  wind d a t a  is t o o  coarse  t o  be of much use.  Also, 
d a t a  from the  Pioneers  and Vela should be made a v a i l a b l e  a t  more f requent  
i n t e r v a l s  than  the  t h r e e  o r  four  samples pe r  day which a r e  being publ i shed  
i n  1969. (1n 1968, only one measurement pe r  day was pub l i shed ) .  F iner  t ime 
r e s o l u t i o n  would be h e l p f u l  i n  eva lua t ing  t h e  c o r r e l a t i o n  between geomagnetic 
storms and changes i n  t h e  s o l a r  wind speed, which has been r epor t ed  by 
Venkatesan and Sreenivasan ( ~ e f e r e n c e  32). 
One o t h e r  p o s s i b i l i t y  which should be i n v e s t i g a t e d  i n  a f u t u r e  s tudy i s  t h e  
d i r e c t  p r e d i c t i o n  of Ap from t h e  precursors  when t h e  p red ic t ed  CKp > 50. 
This  i s  d e s i r a b l e  because i t  can be seen from Figure 4 t h a t  the  corpuscular  
energy input  i s  nea r ly  p ropor t iona l  t o  Ap when Kp > 6 ( C K ~  > 40), whi1.e it i s  
p ropor t iona l  t o  Kp when Kp < 6. Direc t  p red ic t ions  of Ap could not be i n v e s t i -  
ga t ed  i n  t h e  p re sen t  s tudy  because Kp only reached 50 on two occasions i n  
1968. In  t h e  next  s e v e r a l  y e a r s ,  a s  Kp reaches i t s  so l a r - cyc le  peak, t h e r e  
w i l l  be a number of days f o r  which d i r e c t  p red ic t ions  can be made and s t u d i e d .  
3.4.2 A =ace Probe f o r  Use i n  P red ic t ing  Kp 
--. ------. -..---- - - -...- -.--- 
The o r b i t  occupied by the  Pioneer  VII Space Probe, which is i l l u s t r a t e d  i n  
Figure 6 ,  i s  i d e a l  f o r  sampling t h e  long-l ived s o l a r  s t reams which w i l l  be  
pass ing  over  t h e  e a r t h  t h r e e  days l a t e r .  The measurements of solar-wind speed 
made by t h i s  type of spacec ra f t  w i l l  be us+fu l  f o r  p ~ e d i c t i n g  t h e  r e c u r r i n g  
geomagnetic storms. This  type of storm i s  not s o  common during per iods  of 
r i s i n g  s o l a r  a c t i v i t y ,  bu t  it becomes very prominent during t h e  dec l in ing  p a r t  
of t h e  s o l a r  cyc le .  
For d e t e c t i n g  t h e  s o l a r  x-rays,  W r a d i a t i o n  and e n e r g e t i c  p a r t i c l e s  t h a t  a r e  
produced by t h e  major s o l a r  f l a r e s  which o f t e n  precede geomagnetic s torms ,  
it would be d e s i r a b l e  f o r  t he  space probe t o  be a b l e  t o  scan t h e  sun at one 
o r  s e v e r a l  W o r  x-ray wave2engths. Such a scanning system has been flown 
on OSO-4, b u t  a l e s s  e l a b o r a t e  system would be s a t i s f a c t o r y  f o r  p r e d i c t i n g  
magnetic s torms,  The knowledge gained from t h e  Harvard College Observatory 
experiment aboard OSO-4 w i l l  be h e l p f u l  i n  des igning  a p red ic t ion  system. 
In  t h i s  connect ion,  Dr. George Withbroe o r  D r .  Leo Goldberg could be contac ted  
a t  t h e  Harvard College Observatory, 60 Garden S t r e e t ,  Cambridge , Massachuset ts .  
The reason t h a t  it i s  important t o  scan t h e  sun ,  r a t h e r  than  merely measuring 
t h e  t o t a l  s o l a r  emis s ion , i s  t h a t  t h e  response at t h e  e a r t h  depends s t r o n g l y  
on t h e  loca t ion  of t h e  s o l a r  f l a r e .  I n  d a t a  p r e s e n t l y  a v a i l a b l e ,  it i s  
sometimes impossible  t o  determine t h e  l o c a t i o n  of t h e  f l a r e  which produced t h e  
W and p a r t i c u l a t e  emissions,  
Sect ion  4 
LONG-TERM PREDICTIONS OF THE ANNUAL AVERAGE OF Ap 
I n  t h i s  s e c t i o n ,  we at tempt  t o  p r e d i c t  t h e  annual average va lue  of Ap u n t i l  
t h e  yea r  2030. The f i r s t  s t e p  i s  t o  p r e d i c t  t h e  sunspot cyc l e ,  because 
sunspot records  da t e  back s e v e r a l  c e n t u r i e s ,  a l lowing t h e i r  p e r i o d i c i t i e s  
t o  be known. King-Hele (Reference 33) and Xanthakis (Reference 34) have 
made p r e d i c t i o n s  of fu tu re  sunspot  cyc l e s ,  The t h e o r e t i c a l  foundat ions o f  
t h e  p r e d i c t i o n s  a r e  ques t ionable ,  b u t  it i s  necessary t o  have p r e d i c t i o n s ,  
s o  t h e s e  were used, An average p red ic t ion  based on m a t e r i a l  i n  References 
33 and 34, with some a d d i t i o n a l  ma te r i a l  from Waldmeier ( ~ e f e r e n c e  3 5 ) ,  is 
given i n  Figure 12. The p red ic t ed  annual average Zurich Rela t ive  Sunspot 
- 
Number, fi;: i s  shown f o r  each yea r  from 1968 t o  2030. R z  i s  given i n  t a b u l a r  
form i n  Table 6. 
The method of p r e d i c t i n g  q, t h e  annual average of Ap,  us ing t h e  sunspot 
cyc l e ,  i s  based on t h e  work of Gnevyshev (Reference 1 9 ) .  Gnevyshev has shown 
t h a t  s e v e r a l  of t h e  measures of s o l a r  a c t i v i t y  a r e  c lo se ly  c o r r e l a t e d  with 
- 
Ap,  i f  measurements a r e  r e s t r i c t e d  t o  t h e  p a r t  of t h e  sun wi th in  9 30' of t h e  
ear th-sun l i n e .  Gnevyshev's comparison between and t h e  coronal  green  l i n e  
i s  shown i n  Figure 13. Hls curve of t h e  sunspot a r e a  i n  5' l a t i t u d e  i n t e r v a l s  
- 
is  shown i n  Figure 1 4 .  I n  both cases ,  t h e  c o r r e l a t i o n  with Ap i s  obvious. 
To f i n d  t h e  s p e c i f i c  r e l k t i o n s h i p  between and g,  t h e s e  q u a n t i t i e s  a r e  
p l o t t e d  f o r  t h e  t h r e e  sunspot cyc l e s ,  1937 - 1968 i n  Figure 15. The da t a  
from t h e s e  t h r e e  cyc1.e~ have then  been averaged t o  ob ta in  Figure 16 .  Using 
information gained from Figures  12  through 1 6 ,  va lues  of t o  t h e  yea r  2030 
have been p r e d i c t e d  and p l o t t e d  i n  Figure 17. The p red ic t ed  values of a re  
a l s o  given i n  Table 6 ,  alonf: with t h e  predic ted  sunspot numbers. 
It  i s  d j f f i c u l t  t o  es t lmate  t h e  s tandard devia t ions  ( s . d , )  which should h e  
- - 
ass igned  t o  t h e s e  p r e d i c t i o n s  of Ap and R Z .  Judging by t h e  c o r r e l a t i o n s  and 
s c a t t e r  among t h e  da t a  from p a s t  measurements presented  i n  t h i s  s e c t i o n ,  we 
would a s s i g n  an s .d .  of 10% t o  p red ic t ions  of and  f o r  t h e  remainder of 
1980 1990 
YEAR 
2010 2020 
YEAR 
Fiyure 12. Predicted Annual Average Zurich Relative Sunspot Number, R Z  
Figure 13. The Variation of the Geomagnetic Index A p  and of the Coronal Line Intensity at 
5 3 0 3 A  Averaged Over + 30° from the Direction to the Earth (After Gnevyshev) 
Figure 14. Variation of the Sunspot Area in Latitude Intervals of 
5 0  Wide during the 11-Years Cycle (After Gnevyshev) 
YEARS FROM SUNSPOT MAXIMUM 
Figure 16. Average Dependence of xp and BZ on Time from Sumpot Pilaximum 
1980 1990 
YEAR 
2010 
YEAR 
Figure 17. Predicted Annual Average Geomagnetic Planetary Amplitude, Ap 
Date 
PREDICTED ANNUAL AVERAGES OF SUNSPOT NUMBER, 5. 
AND GEOMAGNETIC PLANETARY AMPLITUDE, 
- 
Date 
Z 
I t h e  p re sen t  sunspot cyc l e ,  20% for  t h e  next  c y c l e ,  and 25% for  subsequent 
cyc l e s  . 
Sect ion  5 
CONCLUSIONS 
A new method of making short- term p r e d i c t i o n s  of  Kp and Ap has  been developed 
and t e s t e d ,  using t h e  a v a i l a b l e  s o l a r  and geophysical d a t a  f o r  1968. The  
method employs Pioneer  V I I  measurements of  t h e  s o l a r  wind speed as b a s i c  da t a .  
An a t tempt  is made t o  s e p a r a t e  t h e  con t r ibu t ions  t o  Kp from r e c u r r e n t  storms 
and from f l a r e -a s soc i a t ed  storms by us ing  va r ious  storm p recu r so r  da t a .  T h i s  
first t e s t  of t h e  method f a i l e d  t o  produce t h e  hoped f o r  improvement, bu t  
d id  no t  disprove t h e  method because t h e  f l a r e - a s s o c i a t e d  p recu r so r s  d id  no t  
cover t h e  f u l l  24-hour day, and only one ten-minute sample of t h e  s o l a r  wind 
speed was a v a i l a b l e  each day. A f u r t h e r  t e s t  o f  t he  method would be d e s i r a b l e  
when complete d a t a  becomes a v a i l a b l e ,  A number of sugges t ions  f o r  f u r t h e r  
research  a r e  made i n  t h i s  r e p o r t .  
Long-term p r e d i c t i o n s  o f  t h e  annual average of  Kp and t h e  Zurich r e l a t i v e  
sunspot  number have a l s o  been developed i n  t h e  p re sen t  r e p o r t .  These predic-  
t i o n s  a r e  based on e a r l i e r  work by Cnevyghev, King-Hele and Xanthakis.  
P red ic t ed  va lues  f o r  each y e a r  u n t i l  2030 a r e  presented  i n  g raph ica l  and 
t a b u l a r  form. These long-term p r e d i c t i o n s  should s a t i s f y  t h e  needs of  t h e  
Marsha l l  Space F l i g h t  Center f o r  mission planning.  
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